Purpose: Epidemiology research has demonstrated that magnesium (Mg) deficiency is associated with a high incidence of Parkinson's disease (PD). It is known that the systemic administration of MgSO 4 is not able to elevate the Mg concentration in cerebrospinal fluid (CSF). This study aims to verify the protective effect of magnesium-L-threonate (MgT) in 1methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine (MPTP) mouse model. Methods: C57BL/6J mice were orally administered MgT or MgSO 4 for 4 weeks, and received MPTP in the third week. After analysis of open-field and rotarod tests on the last day, tyrosine hydroxylase (TH) immunopositive cells and protein levels were quantified in the substantia nigra pars compacta (SNpc) and striatum. The expression of inducible nitric oxide synthase (iNOS) level was evaluated. Mg concentration in serum and CSF was measured after oral administration of MgSO 4 or MgT in normal mice. Mg concentration in the CSF was increased in the mice treated with MgT but not MgSO 4 . Results: The total distance and mean speed in open-field tests, and the time spent on rotarod in the MgT group were increased, compared with MPTP group. The MgT treatment but not MgSO 4 dose-dependently attenuated the loss of TH-positive neurons, and the reduction of the TH expression in the SNpc. The MgT treatment also inhibited the expression of iNOS as measured by immunohistochemistry and Western blots. Double-immunofluorescence staining of TH and iNOS showed iNOS-positive cells were collocalized for TH-positive cells. Conclusion: The treatment with MgT is associated with an increase of Mg in the CSF. MgT, rather than MgSO4, can significantly attenuate MPTP-induced motor deficits and dopamine (DA) neuron loss.
Introduction
Parkinson's disease (PD) is a neurodegenerative disease and its characterization includes muscular rigidity, bradykinesia, resting tremors, and postural instability, as well as several non-motor symptoms (Parkinson). 1 Pathological features of PD are the progressive loss of dopamine producing neurons in substantia nigra (SN), cytoplasmic inclusions occur in surviving neurons of SN, which are called Lewis bodies. [1] [2] [3] The pathogenesis of PD may include a variety of factors, such as genetic factors or/and environmental factors. It is a relatively high incidence for agricultural workers when using herbicides and pesticides, particularly paraquat.
One previously epidemiological study has demonstrated that the function of low-Mg diet in elective neurodegeneration of dopaminergic pathway is associated with Parkinson-dementia syndrome (PDC). 4 The characterization of PDC involves progressive cognitive decline, parkinsonism and severe loss of neurons in the SN and widespread neurofibrillary tangles in the PDC brain. In addition, PDC is a deadly disease for the Chamorro people in Guam. High concentration of aluminum and low concentration of Mg and calcium in the water consumed by Chamorro natives have been reported for the high incidence of PD in Guam. 5 To further investigate the pathogenesis of PDC, a study was designed to limit the intake of Mg and calcium in rats over two generations. The intention of the study was to simulate the conditions for humans on Guam. Severe loss of dopaminergic neurons in SN were found exclusively in 1-year-old rats that had taken a continuous intake of low Mg over generations. 6 Another research evaluated the effect of MPTP in Mg-deficient mice, they found a low dose (like 10 mg/kg) MPTP treatment can reduce the content of dopamine (DA) and its metabolites in striatum of Mg-deficient mice. It indicates Mg-deficiency appears to enhance sensitivity in MPTP neurotoxicity. 7 Although the etiologic mechanism of PD related to Mg-deficiency is poorly understood, it can be assumed that hypermagnesemia can influence the development of experimental PD, because a low-Mg diet contributes to the high occurrence of PD. Hashimoto et al have proved that the toxicity of 1-methyl-4-phenylpyridinium (MPP + ) could be significantly inhibited by increasing the concentration of Mg ions to 1.2 mM, and any reduction of dopaminergic neurons in in vitro MPP Parkinson's model can be completely prevented by increasing the concentration to 4 mM. 8 Magnesium sulfate is a commonly used clinical medicine, and the first choice of clinical magnesium supplement (REF). Mainly intravenous magnesium sulfate has been used to investigate the neuroprotective effect of magnesium in preclinical and clinical studies. [9] [10] [11] [12] In a preclinical experiment, magnesium sulfate cannot play a neuroprotective role. 13 In some clinical experiments, magnesium sulfate cannot improve the prognosis of patients with cerebral ischemia or subarachnoid hemorrhage. [14] [15] [16] We speculate that the difference in the efficacy of magnesium sulfate is due to its poor permeability in the blood-brain barrier. Our previous study demonstrated that the increasing of Mg concentration in serum had no effect on the concentration of Mg in CSF after intraperitoneal injection of MgSO 4 , even when the serum Mg level increased from 8 to 10fold in normal mice. 17 Therefore, magnesium-L-threonate (MgT), a Mg compound that is very permeable through the blood-brain barrier (BBB), 18, 19 was used in the present study. There was no adverse effect of MgT on normal rats. Biochemical analysis showed that the level of Mg in plasma increased significantly after MgT administration. Compared with the control group, the behavioral evaluation of elevated plus maze (EPM) test and forced swimming test (FST) showed that MgT could significantly improve the memory of rats and reduce the depression-like symptoms of healthy rats. 20 We measured Mg concentration in the CSF following chronic administration of MgSO 4 or MgT in normal mice, evaluated behavioral analysis, DA neuron loss and expression of iNOS after oral MgSO 4 or MgT in MPTP treatment mice.
The goal of this study was to demonstrate the neuroprotective effect of MgT on MPTP mice. It is well known that MPTP was the first agent to be distinguished for human PD. 21 By means of monoamine oxidase B in astrocytes, MPTP can be converted to MPP + after systemic administration. MPP + interferes with the flow of electrons and damages mitochondrial complex I, which cause a severe shortage in ATP formation of dopaminergic neurons transferred from the dopamine transporter.
Materials And Methods
For the care and use of animals in research, this study was implemented according to NIH guidelines. 22 The procedures of animal experiment in this study were approved by the Animal Care and Use Committee of Guilin Medical University.
Animals
Male C57BL/6J mice (n=87, Vital River Laboratory Animal Technology Co. Ltd, Beijing, People's Republic of China), 8 weeks old with 20 to 22 g, were used. All mice were fed separately, and they were freely provided with water and food in the light and dark cycle of 12:12 hrs, and light was given at 8:00 pm.
Drugs
MPTP was purchased from Sigma (St. Louis, MO, USA) and then diluted with saline (0.9% NaCl) at a concentration of 4 mg/mL. Two Mg compounds: MgSO 4 •7H 2 O (Rong Sheng Pharmaceutical Co., Ltd, People's Republic of China) and MgT (Magceutics Inc., USA) were used in the current study.
Experimental Protocols
In order to examine the effect of Mg compounds in the mice model, the behavioral difference and Mg concentration in CSF and serum were measured after the individual treatment of MgSO 4 or MgT. Normal mice received 1.2 mM MgSO 4 or MgT via drinking water throughout the experiment. Behavioral tests and Mg assays were conducted on day 0, 21, and 28 (n=6 in each subgroup).
To detect neuroprotective effects of MgSO 4 or MgT, the mice were separated into four groups randomly: 1) control group, fed the basal diet, n=12; 2) MPTP group, mice were intraperitoneally injected 30 mg/kg/day MPTP-HCl with saline for successive 7 days after 2 weeks of the experiment start, n=12; 3) MgSO 4 -MPTP group, mice received MgSO 4 (1.2 mM) via drinking water throughout the experiment, and were injected with MPTP-HCl, as the same as the MPTP group, n=12; 4) MgT-MPTP groups, mice received 3 different doses of MgT (0.8, 1.2, and 1.6 mM) by oral administration in three subgroups, and were injected with MPTP-HCl as the same as the MPTP group, n=12, in each subgroup. The dose of two Mg compounds was chosen by adjusting the minimum effective dose in mice, the description can be found in the previous study. 19 To observe the dose of MgSO 4 and MgT (mm/kg/day), it is necessary to measure body weight and water intake daily (8:30 pm). Based on the amount of water consumption daily and body weight, the amount of MgSO 4 and MgT was obtained to ensure the target doses, and then the daily drinking water for each mouse (about 6 mL/mouse/ day) was used to dissolve the drug.
Measurement Of Mg Concentration
In order to collect the serum of the mice model, 1 to 1.5 cm was dissected from the tip of the tail, and polypropylene tips (catalog no. RS-200Y, Renover Science, Co., Ltd., Tokyo, Japan) was used to collect blood with a polypropylene tube (catalog No. 430791, Corning, NY, USA). CSF was achieved through the cisterna magna. The tubes were placed into the centrifuge at 1500 rpm. The muscle and skin in the neck were separated, and then the exposed arachnoid membrane and dura mater were penetrated with a butterfly needle (27 G×1/2, 0.4× 13 mm, TOP Co., Tokyo, Japan) to inhale CSF. The Milli-Q water was used to dilute the samples at 1000-fold.
Quadrupole ICP-MS (7500 Series, Agilent Technologies, Tokyo, Japan) was inductively coupled plasma mass spectrometry and used to measure the concentration of Mg. For internal standardization, the samples were mixed in 1% nitric acid with Yttrium (Kanto Kagaku, Co., Ltd., Tokyo, Japan), and the final concentration was 10 μgL −1 . Clean the instrument with Milli-Q water before adding the sample or normalizing. The working conditions of ICP-MS were given: argon flow rate, carrier 0.35 L/min, plasma 0.7 L/min; cooling chamber temperature at 2°C; ICP RF power with 1500 W; scanning quality, y m/z=89mg, m/z=25; hydrogen flow rate, 0.4. Each standard solutions or sample solutions were measured with 3 times.
Behavioral Analysis
Open-field and rotarod tests were used to measure the locomotor activity and motor coordination dysfunction of mice for 7 days after the last MPTP injection. Before any treatment, mice were exposed to the adaptive training with 2-3 times.
The automatic open-field apparatus was performed to evaluate open-field test-spontaneous locomotor activity. 23, 24 An open-field box (60×60×50 cm) divided into 16 squares was conducted to assess the spontaneous activity of mice. Mice were placed in the open-field apparatus and kept for 5 mins subjected to normal lighting. ANY-maze software (Shanghai new soft information technology Co., Ltd, People's Republic of China) was used to investigate the trajectories and movements of mice based on video-taped. To remove the body scent, water and 70% alcohol were used to clean the box after each testing. Mice were put in the open-field box for 1 min to adapt to the venue before any treatments.
Rotarod test-Refer to test Rozas method, 24, 25 mice were placed on a rotarod 3 cm in diameter, which rotated along its longitudinal axis at four speeds (10, 12, 14, 16 rpm) . The time spent on the rotarod before falling was recorded. The trial stopped when the mouse fell down or when 150 s were completed, and there was an interval of 5 mins between trials to reduce stress and fatigue. The average time on the rotarod from the five trials was used for analysis. The effects of drug treatments were assessed by testing the various groups of animals at the same time after injection.
Histological Preparation
Paraffin tissue and frozen tissue were prepared in two time points: the next day after the last MPTP (day 21) treatment to evaluate the expression of iNOS; the last day (day 28) after end of the behavioral experiments to assess the expression of TH. For paraffin tissue, Nembutal (50 mg/ kg, Dainippon Pharmaceutical Co., Ltd.) was used to anesthetize mice, and then 4% phosphate buffer polyformaldehyde (PFA) solution was used to perfuse and fix through heart. The brain of mouse was coronally cut at 3 mm posterior to the bregma (superior colliculus level), 1.5 mm posterior to the bregma (infundibular level) and 0.5 mm anterior to the bregma (chiasmal level). The obtained blocks were embedded in paraffin and cut with 4 microns thickness. The resulting blocks were put in paraffin and cut into slice with 4 µm. For frozen tissue, mice were perfused with 4% PFA, the brains of mice were processed into blocks as mentioned above with dehydration using different concentrations of sucrose (low to high); they were then mounted in OCTA mold filling and sliced with 16 µm thickness.
Immunohistochemistry
The sections were immersed in H 2 O 2 (3%) for 30 mins, and washed with PBS. The normal goat serum (10%) was used to treat the slices for 30 mins, and then the slices were incubated by a mouse IgG secondary antibody or biotinylated goat anti-rabbit for 60 mins. To observe the binding antibody, the biotin-biotinylated peroxidase complex (ABC) method was used. After 60 mins, the peroxidase reaction was carried out in diaminobenzidine (DAB). The numbers of immunopositive in SN were determined by a microscope attached with a drawing tube (Nikon, Tokyo, Japan) at 200× magnification. In this study, the experimental conditions of each histological specimen were blinded to the researchers.
The primary antibodies, including rabbit anti-iNOS (Chemicon, Temecula, CA, USA; 1:2000 dilution) and mouse anti-tyrosine hydroxylase (Chemicon, Temecula, CA, USA; 1:2000 dilution) were used in this study.
For double-immunofluorescence staining of TH and iNOS, the slices were put in PBS with 10% NGS at room temperature for 60 mins and incubated with mouse anti-tyrosine hydroxylase and rabbit anti-iNOS overnight at 4°C. Subsequently, slices of brains were washed by PBS, and incubated in Alexa 594-coupled anti-mouse IgG and Alexa 488-coupled anti-rabbit IgG for 2 hrs at room temperature. Double positive cells were examined with a Zeiss M510 laser scanning confocal imaging system.
Western Blotting Analysis
To assess the protein expression of iNOS (day 21) and TH (day 28), control-, MPTP-, and 1.2 mM MgT mice were prepared (n=6). The dissected tissues were well distributed in ice-cold Tris-HCl buffer with 25 mM, which included protease inhibitors (benzenesulfonyl fluoride, bestatin, leupeptin, and aprotinin) and 2 mM EDTA. The homogenate was centrifuged with 11 kg for 5 mins at 4°C, the pellet was resuspended in fresh buffer (sodium dodecyl sulfate, Tris, h-mercaptoethanol, and glycerol), and decentered with 20 kg for 30 mins. The source of proteins was obtained from the supernatant, and the concentration of protein was evaluated by Coomassie blue protein assay. The protein was electrophoresed on polyacrylamide gels, shifted to the membrane of nitrocellulose, and detected by polyclonal affinity purified anti-iNOS, anti-Th antibodies, and HRP coupled IgG, respectively. Subsequently, ECL Western blotting kit (Amersham Pharmacia Biotech, Piscataway, NJ) was used to observe the immunoreactive protein on the filter NIH image program was used to quantify the Western blot intensity by density scanning, and the recombinant beta-actin signal was normalized on the same Western blot.
Statistical Analysis
The data were examined using repeated measurement variance analysis (ANOVA), and the testing day was taken as an independent variable. Bonferroni postmortem multiple comparison test was used to analyze the groups. All results are illustrated with mean±SD. Statistical significance level was set at P<0.05.
Results

Treatment Of MgSO 4 Or MgT In Normal Mice
There were no significant changes in behavioral analysis when individual treatment of MgSO 4 or MgT in normal mice. Mg concentrations in serum and CSF were 1.38±0.12 mM and 0.89±0.11 mM, respectively. It was found that there was no obvious change in the CSF that was treated with MgSO 4 , the concentration of Mg in the serum was remarkably promoted to 2.24±0.18 mM from 1.38±0.12 mM on day 21, and reached 2.21±0.19 mM on day 28. However, the concentration of Mg in the CSF increased significantly from 0.89±0.11 mM to 1.15±0.15 mM on day 21, and 1.17±0.16 mM on day 28 after the treatment with 1.2 mM MgT (Figure 1 ). 
MgT Improves Motor Coordination And Motor Dysfunction In MPTP-Injected Mice
Representative motor activity maps of movement of each treatment group mice (day 28) are shown in Figure 2A .
Compared with the control group mice, the total distance and mean speed in MPTP group mice decreased 37.6% and 39.7%, respectively ( Figure 2B and C). However, compared with MPTP group, the total distance and mean speed in 1.2 mM MgT treated group were significantly increased 38.5% and 50.1%, respectively, respectively. The distance and time that mice travelled in the center decreased from 57.1% and 46.5% in MPTP group mice, however, there were no difference between all treatment groups and MPTP group ( Figure 2C ). In the rotarod test, the rotarod time of MPTP group was significantly shorter in 12, 14, and 16 rpm/min than that of the control group but no change was found in 10 rpm/min test. The MgT treatment dose-dependently increased the rotarod time in 14 rpm/min test.
DA Neurons In SN
The value of TH-positive neurons ( Figure 3A , inset) of SNpc was remarkably decreased for MPTP group (62.4% of the control group). As shown in Figure 3A 
Expression Of iNOS In The SN
The expression of iNOS level was evaluated the next day (day 21) after MPTP treatment for 7 days. Compared with the control group, the number of iNOS-positive cells of the MPTP group was remarkably increased, and the number of iNOS-positive cells in the 1.2 mM MgT treatment significantly decreased (Figure 4 ). The analysis of Western blot illustrated that the MPTP treatment enhanced the expression of iNOS in SN by 55.6% ( Figure 4B ) and the MgT treatment at 1.2 mM significantly decreased iNOS expression. Double-immunofluorescence staining of TH and iNOS showed most of the iNOS-positive cells were THpositive DA neurons ( Figure 5 ).
Discussion
Mg has a basic role in the function of cell and its deficiency is associated with neurological disorders. The administration of intravenous MgSO 4 has a neuroprotective influence on cerebral ischemia, subarachnoid hemorrhage, seizure and traumatic brain injury in both animals and humans based on clinical and experimental studies. 24, 26 Although many reports have investigated that serum Mg can enter CSF, the ionic composition in the CSF keeps significantly stable when blood ionic composition with variation in animals [27] [28] [29] or humans 30 subjected to the normal pathologic conditions. The serum Mg level increased 2-4 times in dogs under the normal conditions, while Mg level in the CSF enhanced slightly in patients with brain injury. 31 However, Mg level in CSF in preeclampsia patients and hippocampal epilepsy rats increased remarkably, indicating the CSF Mg level is actively regulated, possible by Mg transporter located in BBB. 32 Our previous study also demonstrated that concentration of Mg in the CSF had no any variation with the raise of the Mg concentration in serum, even when the serum Mg level increased 8-to 10-fold in normal mice. 17 Here, our results showed that MgT, but not MgSO 4 , increased the CSF Mg level. We also showed that MgT, but not MgSO 4 can significantly attenuate MPTP-induced motor deficits and DA neuronal degeneration in mice. These results indicated that the positive influence of MgT can be associated with the elevation of Mg concentration in the CSF after treatment with MgT. 33 The Mg concentration increased about 21.6% after treatment of MgT on day 28 in CSF, which were concordant with the previous data that Mg concentration was increased to 15% in rat CSF and increased to 30% in APPswe/PS1dE9 mice brain tissue after oral MgT. 19, 34 Mg-deficiency may be related with the pathogenesis of PDC that occurs in the Chamorro people of Guam, and rats with Mg deficiency for generations with severe loss of DA neurons, 35 and the sensitivity of mice to MPTP neurotoxicity seems to enhance. 7 However, the mechanism of PD related to Mg-deficiency is poorly understood. The deficiency of Mg is related to decreased antioxidant defense and increased oxidative stress in different tissues based on animal and human models. 18, 31, 36 In animals, Mg-deficiency resulted in a marked promotion of some pro-inflammatory molecules, such as VCAM, I IL-6, L-1b, PAI-1, and TNF-a. 37, 38 Inflammatory cytokines can induce free radical generation and promote neuronal degeneration by causing oxidative stress. In SN, the microglia is densest and the number is 4-5 times higher than in other regions in the central nervous system, therefore, it is conceivable that DA neurons in the SN are selective vulnerable when exposed continuously to low Mg intake. MPTP was a neurotoxin and recognized early in 1982 as the first human parkinsonian agent was identified. MPTP generates a severe and irreversible Parkinson's syndrome, which almost duplicates the characteristics of PD. 39 After systemic administration of MPTP, it is converted to MPP + in astrocytes, released into extracellular space and freely entered into DA neurons by dopamine transporter. MPP + damages mitochondrial complex I, interrupts the flow of electrons, and causes a severe shortage in the formation of ATP. The other result of mitochondrial complex I blocked from MPP + is an enhanced result of reactive oxygen species (ROS), which produce toxic effects with other active substances like nitric oxide synthase (NO) generated from inducible NO synthase (iNOS) and neuronal NO synthase (nNOS) in the brain. 39, 40 The neurotoxic of NO may affect its function in excitotoxity, neuroinflammation, DNA damage, oxidative stress, and mitochondrial dysfunction. Mice knocked out of nNOS 41 or iNOS gene illustrated a stronger resistance to MPTP than wild-type mice. Administration of MPTP to mice induces upregulation of iNOS, and increases immunoreactivity for nNOS in the SN. 42 Pretreatment inhibitor of microglial activation inhibits nigrostriatal dopaminergic neuronal degeneration and formation of nitrotyrosine evoked from MPTP. [43] [44] [45] [46] In this study, we demonstrated the treatment of MgT attenuated the loss of TH-positive neurons and the reduction of TH protein in SNpc. The mechanism underlying the Mg effect remains unclear. One previous study suggested that Mg in enough content inhibits the formation of oxygen radical from scavenging free radicals and preventing oxidase of both NADPH and xanthine. 47 Moreover, Mg is required for normal functioning of the nervous system. It is a cofactor in hundreds of enzymatic reactions, such as activation of phosphotransferase and hydrolases (like ATPase), which are of central importance in the biochemistry of the cell, particularly energy metabolism. Mg concentrates ribosomes and is involved in the attachment of mRNA to them. Thus, Mg is required for protein and nucleic acid synthesis, cell cycle activity, cytoskeletal and mitochondrial integrity, and for binding of substances to the plasma membrane. In addition, iNOS activated by proinflammatory cytokines and Gram-negative endotoxins was increased in glial cells in MPTP model. 37, 48, 49 Our study also observed active microglia and astrocytes in SN, and the iNOS upregulation and co-localization with TH-positive cells in SNpc by laser scanning microscopy ( Figure 5 ), which were inhibited from MgT. Our results also showed the administration of MgSO 4 had a marginal effect on mean speed induced in open-field test, but had no effect on neurodegeneration. Center time and center distance were generally regarded as an indicator of anxiety. A previous study has evaluated the effect of chronic administration of MgSO 4 in MPTP mice, and shows that the administration of MgSO 4 with low dose (like 2.5 g/l) generated a raise in latency and motor activity under thermal stimuli. 50 However, the exhaustion of dopamine in striatum induced by MPTP treatment was not improved, and even exacerbated by high doses of MgSO 4 . A number of factors are involved in anxiety disorders, such as serotonin, dopamine, and other neurotransmitter system perturbations, 51 and more than 40% of patients with PDcould have the clinical anxiety caused by the above factors. 52 There was no difference in light-dark preference test in mice with 7 days after MPTP injury, 53 and DA depletion was imperative but not enough to influence anxiety disorder. 23 In the current study, the data suggest that the beneficial effect of MgT on neuroprotection is likely due to its effect on the Mg permeation into the brain, as the administration of MgT increased the concentration of Mg in both the CSF and serum. On the other hand, MgSO 4 had no effect on the neurodegeneration as it only increased the serum Mg level but did not affect the CSF Mg level. These data also suggest that the only supplementation of Mg in the periphery does not help to protect the brain and the combination of Mg with an agent that promotes its transportation to the brain is essential for the neuroprotection of this element.
Conclusion
In conclusion, our results indicate MgT can significantly attenuate MPTP-induced motor deficits and DA neuron injury, which may be related to its ability of increasing the Mg concentration in the CSF. 
